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Nickel nanotubes and nanowires 3re grown by galvanostat ic deetrodeposition in the pores of 1000.100, and 15nm polycarboll<lte as well as in anodist"d alumina membranes at a current density of 10 rnA cm-2 . The efTeets of porc size, porosity, electrodcposition time. cfTecti ve current density, and pore aspect ra tio are investigated. Nickel nanotube structun::s are obtained with lOOOnm pore size polycarbonate membrane without any prior treatment method. At the early stages of electrodeposition hollow nickel nanotubes are produced and nanOlUbes turn into nanowires at longer deposi ton times. As efTective current density accounting for the membr:me porosity decreases. the axial growth direction is favoured yielding nanowires rather than nanotubcs. However. for smaller pore size polycarbonate membranes, nanowires are obtained even though efTective current densities were higher. We believe that when the pore diameter is below a cri tical size, nanowires grow regardless of current density since narrow pores promote layer by 1<I)1:r growth of n,l11orods due to smaller surf,u:t " rea of the pore bOllom compared to pore walls. Pore size has a dOlllinant efTeet over efTecLive current density in determining the structure of the fibres produced for small pores. Nic kel nanowircs arc also obtained in the small pores of anodiscd alumiml, which has higher aspect ratios. High aspect ratio membranes fuvour the fabrication of 1l<1I1owires regardless of current density.
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Fabrication of nanowire arrays has recently altracted significant altention due to their important potentia l appl icat ions such a s o ptical and magnetic media , sensors, electron ic devices. catalysis, etc. (1 -7] . Several studies have been performed to produce metal nanowires in templates since the size and the sha pe of the nanowires can be controlled easi ly and accurately [81. Ho llow tubular nanostruclUres have been investigated extensively hec~lIse of thei r project en lI~e in drug delive ry, c~t;[l y~i~, ann chemic:II :lIld biologica l separation applications [9] . Gal va nic displacemen t react io ns, chemical vapour infiltration [8] , and coating surfaces of colloidal particles [10] have been employed to prepare tubular nanostructures. In this work, nickel nanowires and nanotubes are fabricated by using template-assisted electrochemical deposition process. Electrochemical deposition is a promising technique for the fabrication of nanostructures in a bottom-up trend and it does not require the employment of complex instrumentation [11] [12] [13] [14] .
In this study, we have used commercial anodised alumina, lab-made anodised alumina, and track-etch polycarbonate membrane templates. Anodised alumina is a commonly used template [15, 16] . Our lab has produced alumina membranes having uniform diameter and ordered fine structure, as compared with the commercially anodised alumina that contained disordered and noncontinuous pore channels. These membranes are fabricated by anodic oxidation of aluminum metal sheet. Polycarbonate membranes allow producing continuous and uniform nanowires but their pore density is significantly smaller than anodised alumina.
Experimental
Pore characteristics of templates used in this study are listed in Table 1 , and their typical microstructures are shown in Figure 1 . The polycarbonate membranes (Whatman Corp.) were sputter coated with about 30 nm thick gold layer on one side. The gold-coated side of the membrane was then placed on a copper sheet, which constitutes the cathode of the set-up. A few drops of water were added on the membrane to promote its adhesion to the copper sheet and care was exercised to prevent trapped air bubbles ( Figure 2 ).
The electrolyte solution used for nickel electrodeposition was 53.6 g L -1 of NiSO 4 .6H 2 O having 30 g L -1 of H 3 BO 3 as a stabiliser. The pH of the solution was around 4.6. Deionised water with 18 MQ resistivity was used to prepare the solutions. Galvanostatic electrodeposition was performed with a constant current density of 10 mA cm -2 (based on the total area of the cathode). In all cases, this current resulted in a corresponding potential of 2-3 V. All of the experiments were conducted at room temperature. Solartron 1280B electrochemical test system was used as the power source and data acquisition system for the electrodeposition. After deposition, the sample was washed thoroughly with deionised water. Dissolution of the polycarbonate support using dichloromethane (Cl 2 CH 2 ) revealed the morphology of the nanostructure growth in membrane protruding from the surface for easy imaging. Finally, the morphology of nickel nanostructures was characterised using optical microscope, scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX).
The above described procedure was also used to grow nickel nanostructures in commercial and lab-made anodised alumina membranes, except for using gallium-indium coating to achieve conductance at the cathode instead of gold sputtering. Commercial alumina membrane (Whatman Corp.) has a pore size range of 80-200 nm with a nominal thickness of 60 mm, whereas lab-made anodised alumina has a pore diameter of 60 nm with a nominal thickness of 80 mm. The lab-made alumina membrane was produced by 40 V anodization in oxalic acid for 24 h [17, 18] . Alumina membranes were partially dissolved using NaOH solution. The cross sections of the lab-made and commercial alumina membranes are presented in Figure 3 . Table 1 . Pore characteristics of the templates used in this study and other studies. 
Results and discussion
Previous studies suggest that nanotube growth is possible with a chemical modification of the inner surface of the pores prior to deposition [2, 4] . In this study, nickel hollow tubes were grown in polycarbonate membranes with 1000 nm pore size applying a 10 mA cm -2 current density without any chemical modification. These samples are composed of welldefined nickel hollow nanotubes that are about 2.5 mm long and have 1000 nm outer diameter and 200 nm inner diameter (Figure 4 ). Detailed examination of samples showed that deposition of nickel starts at the gold layer at the bottom circumference of the pores, and the nickel tubes grow along the pore wall through the top of the membrane. Preferred deposition along the pore wall surface may be due to the large surface area available providing energetically favourable sites for the adsorption of the metal ions before being reduced [19] . These nanotubes were formed at early stages of the electrodeposition (Figure 4 ), corresponding to 30 min of deposition time. At longer electrodeposition times of around 35 min, the nanotubes turned into nanorods ( Figure 5 ). perpendicular to the membrane surface, i.e., the heights of the fibres are constant indicating a uniform nickel growth in each pore of the membrane. Once the pores are completely filled with nickel, further electrodeposition produces hemispherical caps on the membrane surface, which subsequently merge together and result in a continuous overgrowth film ( Figure 6 ). Nickel fibre synthesis conditions for other studies are presented in Table 1 for comparison purposes. In order to eliminate the effect of nonconducting nonporous membrane area on current density, we calculated the effective current densities based on pore density and pore diameter. It is interesting to note that Xue et al. [2] obtained nanotubes in polycarbonate membranes by using pore-wall-modifying agents and increasing the voltage, and not by decreasing the deposition time (Table 1) . They obtained nickel nanowires when 12 mA cm -2 effective current density was applied. The effective current density was increased to 800 mA cm -2 and wall-modifying agent was applied so that nucleation sites on the walls of the pores and nanotubes are produced. It was also shown by other groups that nickel nanotubes can be produced at very low-current densities as long as wall-modifying agents are being used [2, 4] (Table 1) . However, chemical modification of the inner walls of the template introduces impurities to the system [2] .
Current density of 10 mA cm -2 was applied to smaller pore size polycarbonate membranes to see the effect of pore size, porosity and hence effective current density. Normally, hollow nanotubes have a tendency to grow in higher current densities. Slow growth with low-current density yield to solid nanorods [2, 7, 19] . As can be seen in Table 1 , in the present study, the effective current density increases with decreasing pore size, which should normally result in nanotubes, not in nanorods. However, instead of nanotubes, we obtained solid rods for 100 and 15 nm polycarbonate membranes at high effective current densities (Figure 7 ). Due to this observation, we believe that the pore size has a dominant effect over effective current density in controlling the structure of the nanometals below a certain size. One other parameter that has an effect on the structures of the nanorods formed is the aspect ratio, which is defined as the length over diameter ratio. It has been reported in literature that high aspect ratio membranes favour the formation of nanowires [20, 21] . In our study, we obtained nanowires/nanorods for templates with aspect ratios of 60 and higher whereas hollow nanotubes were formed with a much lower aspect ratio which is 11. Although, preferential growth mechanism depends on effective current density we believe that under a critical pore size solid rods will be formed if high aspect ratio templates are used. Deep and narrow pores promote layer by layer growth of nanorods. In contrast in larger pore sizes, the metal can grow on the inner wall of the pores and form nanotubes. Thus, resulting structure is determined by an intricate interplay between pore size (through effective current density) and aspect ratio.
Same conditions were applied to our second group of membranes; anodised alumina. For both commercial and lab-made alumina membranes solid nanowires were obtained (Figures 8 and 9 ) supporting the above statements about aspect ratio and pore size. It has been reported that solid rods were obtained when applying the same conditions to commercial alumina membranes (Table 1) [1] . As can be seen from Figure 8 , the nanorods were grown to same height and were uniformly produced in each pore of the membrane. The diameter of the nanorods obtained in commercial alumina is around 200 nm, whereas much finer nickel fibres with 60 nm diameter were obtained for lab-made alumina, both determined by the pore size of the membranes. The density of these structures is orders of magnitude higher than polycarbonate grown nanorods in accordance with the much higher pore density of anodised alumina membranes. The density is so high that the metal array stays together even after the alumina template is completely dissolved.
It is not expected to grow nanotubes with anodised alumina membranes, which have high aspect ratio and high pore density (resulting in lower effective current densities). Both factors promote the growth of nanorods rather than nanotubes.
Conclusions
The effects of pore size, porosity, deposition time, effective current density, and aspect ratio on the fabrication of nickel nanostructures were examined. Nickel nanotubes were obtained with 1000 nm pore size polycarbonate membranes without any chemical treatment of pore walls. As the deposition time increases, nanotubes turn into solid rods. As the porosity of the membrane increases, the effective current density decreases due to the larger exposed area. Lower porosity and hence higher current density favours the production of hollow nanostructures as was shown by 1000 nm polycarbonate membranes. However, we could not obtain hollow fibres with smaller size polycarbonate membranes and with anodised alumina templates even at high-current density. We believe that below a critical pore size, solid rods will be formed through layer by layer mechanism regardless of current density due to the smaller surface area of the pore bottom compared to pore walls. One last parameter that is considered is the aspect ratio. In our study, we obtained nanowires with aspect ratios of 60 and higher and nanotubes were formed at a much lower aspect ratio which is 11. Thus, we conclude that the morphology of nanostructures is a result of an intricate play between current density, pore size, and aspect ratio.
